As part of a combined antiretroviral regimen, doravirine is safe and effective at suppressing viral replication in both treatment-naive and treatment-experienced adults living with human immunodeficiency virus (HIV)-1 who have no history of drug resistance against doravirine. In virologically suppressed individuals switching to a combination of doravirine, lamivudine, and tenofovir disoproxil fumarate, no resistance was found after 48 weeks. In treatment-naive individuals, rare cases (<2%) of emergent drug resistance have been reported, often involving the development of substitutions at position V106. From these few clinical cases, it is inferred that crossresistance with other non-nucleoside reverse transcriptase inhibitors (NNRTIs) should be limited. In contrast, the use of doravirine as a second NNRTI should be evaluated on a case-by-case basis in the presence of pre-existing resistance. Importantly, doravirine remains active against K103N viruses in vitro, and limited clinical evidence suggests this to be the case in patients as well. Since K103N is by far the most prevalent (<70%) NNRTI substitution found in clinical practice, resistance against doravirine-based antiretroviral therapies is expected to be rare, even for treatment-experienced individuals. This review summarizes chemical, pharmacological, and clinical information about doravirine with an emphasis on drug resistance. The efficacy results from an early phase clinical trial evaluating doravirine in combination with islatravir are also provided.
Introduction
Currently, there are seven drug classes with over 30 different antiviral compounds active against human immunodeficiency virus (HIV)-1, and single-tablet regimens are widely utilized in clinical practice. However, with the increase in antiretroviral therapy (ART) uptake, HIV drug resistance is becoming a serious threat globally. 1 Resistance has emerged against all antiretroviral drugs, and therefore choosing the most effective HIV regimen for a given individual remains a challenge, particularly for persons who are treatment-experienced. Treatment determination is dependent on several factors, including virological efficacy, expected patient adherence, and genotyping resistance background, as well as other pharmacological aspects, medication side effects, and drug-drug interactions. The long-term goal of treatment is generally to provide the maximal duration of viral suppression for patients using first-line therapy, delay the development of drug resistance, and prevent HIV transmission. This concept of choosing the most likely durable initial regimen may be challenged soon by the advent of test-and-treat strategies and efficacious drug-reduction regimens, including two-drug combinations. In this context, it is still important to discover new drugs and drug combinations with better pharmacology profiles, fewer side effects, fewer comorbidity concerns, and lower pill burden.
Doravirine (DOR, MK-1439) is a novel HIV-1 non-nucleoside reverse transcriptase inhibitor (NNRTI). Based on supporting data from the pivotal phase III clinical trials DRIVE-AHEAD and DRIVE-FORWARD, in August 2018, DOR was first approved by the US Food and Drug Administration (FDA) in two formulations -as a complete once-daily dose regimen in combination with two NRTIs, lamivudine and tenofovir disoproxil fumarate (DOR/3TC/TDF, Delstrigo [Merck & Co. Inc., Kenilworth, NJ]), and as a single tablet of 100 mg DOR (Pifeltro [Merck & Co. Inc.]) to be used in combination with other active antiretroviral drugs -both for the treatment of ART-naive adults living with HIV. 2 Later, in November 2018, both formulations were approved in Europe for the treatment of adults living with HIV-1 without past or present evidence of NNRTI resistance. 3, 4 The pharmacodynamic and pharmacokinetic characteristics of DOR have been extensively discussed in previous reviews. [5] [6] [7] Thus, this review summarizes important pharmacological aspects and clinical profiles of DOR while focusing on the HIV drug-resistance patterns against DOR identified from in vitro and clinical studies. The authors gathered information from MEDLINE/PubMed publications and the latest international conferences by searching for the following keywords: 'MK-1439', 'pifeltro', 'delstrigo', 'doravirine', and 'resistance + [any of the previous]'. This review aims at compiling current information on resistance to the benefit of healthcare practitioners who may consider prescribing DOR despite the presence of NNRTI resistance mutations.
Chemistry of the compound
DOR is an HIV-1 pyridone non-NNRTI. The chemical name for DOR is 3-chloro-5-[[1-[(4,5-dihydro-4-methyl-5-oxo-1H-1,2,4triazol-3-yl)methyl]-1,2-dihydro-2-oxo-4-(trifluoromethyl)-3pyridinyl]oxy]benzonitrile ( Figure 1 ). The empirical formula is C 17 H 11 ClF 3 N 5 O 3 , with a molecular weight of 425.75 g/mol. The water solubility of DOR is 2.73 mg/L (pH 7). 2, 3 Both DOR and DOR/3TC/TDF are for oral administration once daily with or without food. DOR is a 100-mg film-coated tablet. DOR/3TC/ TDF is a fixed-dose combination, film-coated tablet containing three active antiretroviral drugs -DOR (100 mg), 3TC (300 mg), and TDF (300 mg).
Pharmacodynamics, mechanism of action, and antiviral activity
As an allosteric inhibitor, similar to other NNRTIs, DOR binds to a hydrophobic pocket located in the p66 subunit of the p66/p51 heterodimer of HIV-1 reverse transcriptase (RT), about 10 Å away from the RT polymerase active site, causing conformational changes that inhibit HIV-1 deoxyribonucleic acid (DNA) synthesis. 8, 9 Similar levels of DOR susceptibility in vitro were also observed for 10 HIV-1 subtypes, including A, A1, AE, AG, B, BF, C, D, G, and H, with EC50 values from 0.6 nM to 10 nM. [2] [3] [4] 10 For all the subtypes tested, subtype H seems to be hypersensitive to DOR as well as other NNRTIs. 2, 10 Meanwhile, DOR activity is less effective against HIV-2 in peripheral blood mononuclear cells (PBMCs) with an EC50 of 1.25 µM (over 100-fold higher than the concentration that inhibits HIV-1). 3, 11 DOR cytotoxicity was investigated in different cell types, including resting or activated PBMCs, CD4+ T cells, monocytes, macrophages as well as MT4, SupT1, and HL60 cell lines. DOR exhibited no cytotoxicity effects at concentrations below 100 mM. 10 DOR's potential off-target activity was tested in biochemical assays against more than 110 cellular enzymes and receptors. DOR did not significantly inhibit human DNA polymerases a, b, and g. 10 In a ligand-binding test, DOR had a moderate affinity to 5-hydroxytryptamine receptor 2b with an IC 50 of 2.5 mM, but no agonistic or antagonistic activity was observed in a cell-based assay, which suggested that binding of DOR to serotonin receptor 2b does not affect the normal functioning of those receptors. 3, 4, 10 No antagonistic effect was observed in the CEM-SS cell line when DOR was combined with any of the 18 FDA-approved anti-HIV-1 drugs, including NRTIs such as lamivudine, abacavir, zidovudine, stavudine, zalcitabine, didanosine, emtricitabine, tenofovir disoproxil fumarate; NNRTIs such as delaviridine, efavirenz (EFV), etravirine (ETV), nevirapine (NVP), and rilpivirine (RPV); protease inhibitors (PIs) such as darunavir and indinavir; and entry/fusion inhibitors such as maraviroc and enfuvirtide. Only a slightly synergistic effect was observed with the integrase strand-transfer inhibitor raltegravir (RAL). 2 DOR EC50 for hepatitis B virus (HBV) is >10 µM (the highest concentration tested) in HepG2 cell line, which means that DOR is not active against HBV at clinically relevant concentrations. As a result, it is unlikely to pose the risk of HBV resistance in HIV patients co-infected with HBV. 3 
Pharmacokinetics

Bioavailability, absorption, and distribution
The PK characteristics of DOR have been investigated in both healthy volunteers and people living with HIV-1. Food effects on DOR were studied in healthy volunteers in two trials: P029 and P037. In these studies, either the fixed-dose combination of DOR/3TC/TDF or DOR 100 mg was used in both fed and fasted states. A population PK study for DOR using pooled data from clinical trials phase I, IIb, and III, including 341 healthy and 959 adults living with HIV-1, demonstrated that PK values were comparable between fed and fasting groups. At a DOR dose of 100 mg daily, the steady-state AUC 0-24h was 37.8 µM·h (27%), C max was 2,260 nM (18.4%), and C 24h was 930 nM (41.6%). 3, 12 The absolute bioavailability of DOR was about 64%. 2, 3 There were no significant impacts in PK values, including AUC 0-∝ and Cmax upon oral administration with or without food. 2, 3, 13 Accordingly, in the pivotal phase III clinical trials termed P018 and P021, DOR was used in a fixed-dose combination (DOR/ ABC/3TC) or as a single tablet regardless of food intake. 2, 4 DOR was also investigated in dose-escalation studies in healthy males receiving single doses of 6-1,200 mg or 30-750 mg for 10 days (P001, EudraCT 2010-024245-70, and P006; EudraCT 2011-004260-30). 3, 14 DOR orally given in the fasted state was rapidly absorbed with a median T max of 1-5 hours post-administration to achieve the maximum plasma concentration. Time to achieve steady-state was day 7 for once-daily administration. A single DOR 100 mg dose displayed a long terminal half-life T 1/2 of 15 hours. All doses tested yielded C 24h values > 19 nM. 14 The volume distribution of a single-dose intravenous of DOR 100 µg is 60 L with a low clearance of 3.73 L/h. 15 In vitro, DOR has a protein unbound fraction of approximately 25% and has good passive permeability. 3, 15 No data were reported for plasma protein binding in hepatic and renal impairment patients. 3 No data are available on crushing DOR or DOR/ABC/3TC tablets, so this method of administration is not recommended.
Metabolism and elimination
The major mechanism of DOR elimination is metabolism. DOR is excreted primarily (90%) in feces, mainly as unchanged drug (84%), and in urine (10%: 2.2% as unchanged drug and 7.2% as metabolites). The primary component is an oxidative metabolite termed M9 that represents 6.7% and 2.7% of total doses of DOR detected in urine and feces, respectively. 15 The metabolism of DOR by recombinant human CYPs in vitro demonstrated that DOR was mainly catalyzed by CYP3A4/5 enzymes with ∼20-fold-higher catalytic efficiency for CYP3A4 versus CYP3A5. It is unlikely that other additional oxidation pathways contribute to the oxidative metabolism of DOR. 15 
Pharmacokinetic interaction
In agreement with its elimination profile, concentrations of DOR are significantly reduced by the concomitant use of rifampicin, a potent CYP3A inducer (Table 1 ). Multiple doses of rifampin (600 mg QD) decreased plasma DOR concentrations up to 88% for AUC, 97% for C 24 , and 57% for C max , which may pose a risk of development of resistance. Strong CYP3A inducers such as rifampicin are therefore contraindicated when given with DOR-containing regimens. With rifabutin (300 mg) QD, a moderate CYP3A inducer, the reduction in DOR concentrations is less pronounced, but dose adjustment to 100 mg BID is recommended. DOR exposure, when administered alone at 100 mg QD, is similar to that of 100 mg BID co-administered with rifabutin 300 mg QD. Similarly, the use of DOR BID is recommended when co-administration with other moderate CYP3A inducers such as dabrafenib, lesinurad, bosentan, thioridazine, nafcillin, modafinil, and telotristat ethyl. 2, 3 Another situation of interest concerns individuals previously treated with another NNRTI called EFV, also a CYP3A inducer, who wish to switch to a DOR-based regimen. EFV coadministration reduces DOR AUC 0-24 by 62% and C 24 17 Of note, from 670 participants who entered the trial, 114 (17%) had received an EFV-based regimen. 18 In regard to safety, switching to a fixed-dose DOR/3TC/TDF once daily regimen was generally well tolerated, although, in this openlabel setting, more participants in the ISG reported adverse events than those in the DSG (68.9 versus 52.5%, respectively).
Pivotal phase III studies
Switching to DOR/3TC/TDF from ritonavir-boosted PIs had positive effects on fasting low-density lipoprotein cholesterol (LDL-C) and non-high-density lipoprotein cholesterol (HDL-C) levels. No resistance mutation emerged against DOR/3TC/TDF.
Trial DRIVE-FORWARD (P018-NCT02275780)
DRIVE-FORWARD is a phase III, double-blind, randomized, and controlled non-inferiority study to compare the safety and efficacy of DOR versus ritonavir-boosted darunavir (r/ DRV) both in combination with either TDF/FTC or ABC/3TC. Participants (n=766) were ART-naive adults with plasma HIV-1 RNA >1000 copies/mL, with no documented or known resistance to any of the study drugs, from 15 countries. They were randomized 1:1 (383 in each treatment group) to 20 The trial is conducted at 126 clinical centers worldwide with 734 participants, of which 364 are given matching placebos. Eligible participants are ART-naive adults (≥18 years), with creatinine clearance >50 mL/min, plasma HIV-1 RNA ≥1000 copies/mL, and no documented resistance to any of the study drugs. DOR/3TC/ TDF or placebo is taken QD orally without regard to food. Demographics and baseline factors were similar between the two groups, but more participants in the DOR arm are infected with a non-B HIV subtype (36 versus 30% in the EFV arm). 20 For the primary endpoint, at week 48, DOR/3TC/TDF was non-inferior to EFV/FTC/TDF with 84.3% (307/364) in the DOR group achieving viral suppression <40 copies/mL versus 80.8% (294/364) in the EFV group (treatment difference: 3.5%; 95% CI: −2.0, 9.0). Results at week 96 were similar, with 78% suppression with DOR compared to 74% with EFV (3.9% of treatment difference, 95% CI: −2.4, 10). 21 In regard to safety, compared to the EFV/FTC/TDF group, a smaller proportion of participants in the DOR/3TC/TDF arm reported adverse effects (82.7 versus 90.7%, treatment difference: 8%, 95% CI: −13.0, -3.1). Drug-related adverse events were also less frequent in the DOR/3TC/TDF group: 31.0 versus 62.9% in EFV/FTC/TDF group (treatment difference: −31.9%, 95% CI: −38.6, -24.8). Discontinuation due to adverse events was also lower with DOR. DOR also had a lowering effect on fasting lipid values versus EFV. There were 7 and 12 cases of emergent resistance mutations in the DOR and EFV arms, respectively, which are described in Table 3 .
HIV drug resistance against DOR
In vitro resistance and cross resistance DOR efficacy was initially tested against mutants that are known to bear resistance against previous NNRTIs. Resistance to previous NNRTIs is heterogeneous, with resistance against first-generation NNRTIs (NVP and EFV) being often associated with the highly fit K103N substitution, whereas resistance against second-generation NNRTIs (ETR and RPV) is often linked to substitutions at position E138 together with the M184I NRTIresistance substitution. Both second-generation inhibitors were selected for their retained antiretroviral activity against a single K103N substitution. Other substitutions such as Y181C (NVP) or G190A (NVP, EFV) display various degrees of cross resistance against different NNRTIs, regardless of their novelty. Finally, substitutions that disrupt the NNRTI-binding pocket, such as Y188L and M230L, confer pan-resistance against all NNRTIs. DOR was tested against various first-or second-generation NNRTIresistant mutant viruses (Table 4 ). Most importantly, DOR was active against the most prevalent NNRTI-resistance mutations K103N, Y181C, and G190A. 8, 10, 22 DOR exhibited <3-fold change in EC50 against K103N, Y181C, or double mutant K103N/Y181C strains. 10, 12 These cell-based observations are in agreement with biochemical assays that showed that DOR exhibits potent inhibitory activity against wild-type, K103N, and Y181C recombinant reverse transcriptase enzymes with half-inhibitory concentrations (IC50s) of 12.2, 9.7, and 9.7 nM, respectively. 2, 10 DOR susceptibility was also evaluated against 102 clinical HIV-1 isolates bearing various mutations. 3, 4 Across those clinical isolates (no subtype information was provided), DOR displayed a good antiviral activity with fold changes in Table 3 . NNRTI resistance mutations found in individuals from the DRIVE-FORWARD and DRIVE-AHEAD clinical trials. Table 4 . Effects on drug susceptibility of selected substitutions in vitro and in vivo against DOR, EFV, and RPV. EC50<9 against most single mutant viruses, including A98G, E138A/G/K/Q, G190A, K101E/P, K103N/S, L100I, P236L, V106M, V108I, V197D, V90I, Y181C/V, and Y188H/C. Other single substitutions including G190E/S, V106A, Y188L, and M230L reduced DOR susceptibility >10-fold. The G190S, Y188L, and M230L substitutions confer >95-fold resistance. [23] [24] [25] [26] Among double and triple mutant viruses, 13 of 102 conferred >10-FC in EC50 against DOR, whereas this was true for 46/102, 11/102, and 15/102 for EFV, ETR and RPV, respectively. 3, 4 The highest levels of reduction in DOR susceptibility were associated with V106A or Y188L or each of these two mutations in combination with at least one secondary mutation, such as V106A/G190A/F227L, Y188L/K103N, Y188L/V106I, and E138K/Y181C/M230L. Other substitutions such as V106M, V108I, V179D, Y188H, or P236L conferred less than 10-FC against DOR. 2, 10, 22, 27 In vitro selection of resistance-associated mutations Although phenotypic testing using short-term infectivity assays is efficacious for rapid screening for high-level resistance, prolonged drug exposure to select for resistance is a more stringent way of testing for susceptibility. In this regard, results of in vitro selection for resistance against DOR have been reported for subtypes A, B, and C of HIV-1. 28 In almost all cases, DOR selected first for V106A/M substitutions. Of note, the subtype-specificity of the substituted amino acid at position V106 relies on codon usage (often GTA in subtype B viruses versus GTG for subtype C). V106A is a non-polymorphic substitution selected by NVP, while V106M is commonly selected by both NVP and EFV from subtype C viruses. Mutations that emerged secondary to V106A/M included F227L/C/V or L234I. The double mutant viruses V106A/L234I (subtype B) and V108I/L234I (subtype A) eventually acquired a third mutation to give triple mutant viruses V106A/L234I/ F227L (subtype B) and V108I/L234I/V106A(I) that both conferred over 150-fold decreases in DOR susceptibility. 28 Other in vitro studies confirmed that viruses bearing both V106A and F227L substitutions reduced DOR susceptibility >500-fold. 2, 27, 28 Of note, the viral breakthroughs described earlier were observed when selections were made with 3x EC95 of DOR; however, at 10x EC95, only F227C was selected. 28 In theory, the pyridone core of DOR is in close proximity of but has limited contact with the F227 residue. It is thus possible that the F227L substitution per se may confer only low-level resistance against DOR. 27, 28 Supporting phenotypic testing, when DOR selections were initiated with K103N, Y181C, or K103N/Y181C viruses, they did not lead to the development of further RT mutations, an observation that may justify the use of DOR against these substitutions.
RT mutations
Mutations selected with DOR DOR EFV RPV
In vitro In vivo FC In vitro In vivo FC In vitro In vivo FC
K101E - X 4.5 X X 11 X X 10 V106A X X >10 - X <10 X* - <6 V106I X X* 1.4 X X 1.1 X X 1.2 V106M X X 3.3 X - 106 - - SUS V106A/F227L X X >100 - - 22 - - <10 V106A/F227I X - >100 - - - - - - V106A/F227C X - - - - - - - - V106A/F227V X - - - - - - - - V106A/L234I X X >100 - - SUS V106A/L234I/F227L X - >100 - - - - - SUS V106A/L234I/V108I X - >100 - - - - - - V106I/L234I/V108I X - - - - - - - - V90G/V106I/F227C X - - - - - - - V106M/F227L X X - - - - - - - V106M/F227C X - - - - - - - - V106M/F227V X - - - - - - - - V106M/L234I - X - - - - - - - V106M/V108I/F227C(R) - X - - - - - - - V108I X X 4 X X 1.6 X* - 1.2 V108I/L234I X - - - - - - - E138G - X 1 X - 2 X - <10 Y188C - X SUS X - 2.8 - - SUS Y188H - X 2.8 - - 3.9 - - SUS Y188L X X >100 X X >50 - - <10 G190E X >20 - X >50 X - >10 H221Y X X <10 - - 5 - X - F227C X X* >10 X* X* 5 X* X* 4 M230L - X >20 - X <10 X X <10 L234I X X <10 - X - - - NA P236L - X >2 - - SUS - - SUS Y318F X X - - X SUS - - SUS K103N/P225H - X >10 - - >50 - - SUS K103N/Y181C - X >5 - - >30 - - 5.7 P225S/A335T - X - - - - - - - A98G/P225L/F227C - X - - - - - - - A98G/V106A/P225L/Y318F - X - - - - - - - G190S/F227C(L/V)/M230I(L) - X - - - - - - - V90I/V106I/H221Y/F227C - X - - - - - - - A98G/V106I/H221Y/P225L/F227C - X - - - - - - - *
Clinical resistance against DOR
No resistance was found following a treatment switch to DOR-based regimens in the DRIVE-SHIFT trial. Two ART-naive individuals (n=2/382, <1%) from the DRIVE-FORWARD clinical trial experienced treatment failure with emergent NNRTI resistance mutations. In DRIVE-AHEAD, seven cases of genotypic resistance (n=7/364, <2%) were diagnosed in the DOR arm. Substitutions in these two trials are listed in Table 3 . The most frequent substitutions were found at position V106. Important secondary substitutions were found at positions H221, P225, and/or F227. Notably, resistance against DOR was most commonly diagnosed with several concomitant substitutions, whereas unique K103N substitutions were found in half of the participants who had mutations in the EFV arm of the DRIVE-AHEAD trial, which may suggest that the dynamics of DOR resistance mutations in vivo seem to be more diverse and complicated than expected. [29] [30] [31] F227C or Y318F alone may be linked to clinical resistance against DOR. Another substitution, K101E, was detected in one patient who had a virological failure in a phase II DOR dose-ranging study, although the virus bearing this mutation did not confer significant resistance against DOR in vitro. 10, 29, 32 Importantly, preliminary clinical data obtained from a small number of participants (n=9) indicated that DOR could be used efficaciously to suppress viral replication for 96 weeks in individuals infected with K103N or G190A viruses. 33
Doravirine plus islatravir
In addition to the clinical trials that led to its approval for clinical use, DOR is currently being evaluated in a two-drug combination with islatravir (ISL). ISL is a first-in-class nucleoside reverse transcriptase translocation inhibitor (NRTTI) that has been reviewed elsewhere. 34 The DOR/ISL combination was evaluated in a phase IIB clinical trial that enrolled 121 treatmentnaive adults living with HIV-1. 35 Since DOR and ISL belong to two different drug classes and given that F227C increases the in vitro susceptibility of HIV-1 to ISL, this combination is expected to provide a combined high genetic barrier against the development of resistance. 36 For the first 24 weeks, participants were treated once daily with 0.25 mg (n=29), 0.75 mg (n=30), or 2.25 mg (n=31) ISL plus DOR and 3TC (100 and 300 mg, respectively). 35 The comparator was DOR/3TC/TDF (n=31). At week 24, 92% of participants using DOR/ISL/3TC achieved viral suppression (FDA snapshot analysis) compared to 87.1% with DOR/3TC/TDF. Between weeks 24 and 48, patients in the ISL arm stopped using 3TC while continuing their initial ISL dosing plus DOR. At week 48, 85.5% of participants using DOR/ISL were virologically suppressed versus 83.9% with DOR/3TC/TDF. No case of emergent resistance was reported in this study.
Conclusions
DOR is a safe and well-tolerated new NNRTI that has so far been used in treatment switch without the development of resistance. DOR yields an advantageous safety profile, particularly on lipids. In treatment-experienced individuals, DOR may be most beneficial to patients who wish to reduce ISSN: 1740-4398 REVIEW -Resistance to doravirine drugsincontext.com most commonly through the development of substitutions at position V106. Other rare substitutions, for example, at positions F227 and Y318, need to be monitored in individuals who use DOR. In treatment-naive individuals, DOR/ABC/3TC has suffered from indirect comparisons with recent integrase inhibitors. 37 Early clinical results support the development of a DOR/ISL two-drug combination for both switch and treatment initiation.
pill burden or toxicity of other regimens, such as treatment anchored with a protease inhibitor. Its use in patients who previously had witnessed the development of mutations associated with NNRTI-resistance has not been fully validated, although initial clinical reports are encouraging. Common NNRTI-resistance through K103N seems innocuous to the efficacy of DOR-based regimens, whereas, in treatment-naive individuals, resistance to DOR can occur
